Patients with residual or recurrent Cushing's disease receive external beam radiotherapy (RT) with the aim of achieving long-term tumour control and normalization of elevated hormone levels. Treatment is given either as conventional radiotherapy using conformal techniques or as stereotactic radiotherapy, which is either used as fractionated treatment (SCRT) or as single fraction radiosurgery (SRS). We describe the technical aspects of treatment and report a systematic review of the published literature on the efficacy and toxicity of conventional RT, SCRT and SRS. There are no studies directly comparing the different radiation techniques and the reported results are inevitably of selected patients by investigators with interest in the treatment tested. Nevertheless the review of the published literature suggests better hormone and tumour control rates after fractionated irradiation compared to single fraction radiosurgery. Hypopituitarism represents the most commonly reported late complication of radiotherapy seen after all treatments. Although the incidence of other late effects is low, the risk of radiation injury to normal neural structures is higher with single fraction compared to fractionated treatment. Stereotactic techniques offer more localized irradiation compared with conventional radiotherapy, however longer follow-up is necessary to confirm the potential reduction of long-term radiation toxicity of fractionated SCRT compared to conventional RT. On the basis of the available literature, fractionated conventional and stereotactic radiotherapy offer effective treatment for Cushing's disease not controlled with surgery alone. The lower efficacy and higher toxicity of single fraction treatment suggest that SRS is not the appropriate therapy for the majority of patients with Cushing's disease. 
R
ADIOTHERAPY (RT) is used in patients with residual and recurrent pituitary adenomas; it achieves excellent long-term tumour control and normalization of hormone hypersecretion (1, 2) . Although the perception is that radiotherapy is a potentially toxic treatment it is a well-tolerated non-invasive therapy with few serious complication. The only common late effect of irradiation is hypopituitarism with other toxicity occurring in less than 2% of patients.
In Cushing's disease radiotherapy is mostly employed as second line treatment after failure of surgery and medical treatment. Conventional fractionated external beam radiotherapy (RT) using a linear accelerator or a Cobalt unit has been the principal RT technique for over four decades. Modern techniques of external beam RT aim to reduce irradiation of normal brain through the development of conformal radiotherapy and more recently intensity modulated radiotherapy (IMRT), which is a variant of conformal radiotherapy. The precision of targeting radiation onto the tumour has further improved with the use of stereotactic techniques.
Stereotactic radiotherapy, which is essentially a precisely delivered conformal RT, can be given as a single treatment (described as stereotactic radiosurgery -SRS) or as fractionated stereotactic conformal radiotherapy (SCRT). Despite the theoretical advantages of stereotactic techniques, the potential benefit of normal tissue sparing remains to be demonstrated. More localised treatment relies on quality imaging and image interpretation with accurate delineation of the tumour, combined with rigorous and reliable quality assurance to ensure the desired accuracy is achieved in daily practice. Without these cornerstones such technologically intensive RT may even lead to worse outcome when compared to the less accurate wider field irradiation of conventional fractionated radiotherapy. The use of single fraction treatment may also lead to higher toxicity due to the higher risk of radiation injury associated with large single doses of radiation.
The only true assessment of the efficacy of modern treatment techniques is in the evaluation of treatment outcome using objective and comparable endpoints. We present a systematic review of the available literature on the efficacy and safety of conventional and stereotactic radiotherapy in patients with Cushing's disease.
TECHNICAL ASPECTS OF RADIOTHERAPY OF PITUITARY ADENOMA

Conventional radiotherapy
Modern external beam RT is given with photons generated by a linear accelerator. The steps in the treatment preparation include patient immobilisation, CT and MRI imaging for accurate localisation of the tumour and computerised 3 dimensional (3D) planning to achieve localised delivery of radiation conforming to the shape of the tumour. Patients are immobilised in a customised plastic mask with movement limited to 2-5 mm. The pituitary adenoma is delineated on CT and MRI generally carried out specifically for the purpose of radiotherapy planning. 3D computerised planning defines the optimum number and orientation of beams to achieve a homogeneous dose to the adenoma and low dose to surrounding normal tissues particularly the brain. Conventional radiotherapy is generally delivered using three fixed radiation beams which conform to the shape of the tumour with the use of a multileaf collimator (MLC). This is described as conformal radiotherapy. MLC leaves can be used to modulate the intensity of radiation and this is described as intensity-modulated radiotherapy (IMRT). Studies of dose distribution in tumour and normal tissue show no clear benefit for IMRT compared to fractionated stereotactic radiotherapy (SCRT) in the treatment of pituitary adenoma (3).
Radiosurgery and stereotactic conformal radiotherapy
Stereotactic irradiation can be given as single fraction radiosurgery (SRS) using either a multi-headed cobalt unit (Gamma Knife -GK) or a linear accelerator, or as stereotactic conformal radiotherapy (SCRT) delivered as fractionated treatment using a linear accelerator.
Patients undergoing SRS have traditionally been immobilized using invasive neurosurgical type frames. For fractionated SCRT patients are immobilized either in a relocatable frame or a precision mask system with relocation accuracy in the region of 1-2 mm. The tumour is delineated with MRI accurately co-registered with CT and the tumour position is defined using 3D coordinates with the aid of external fiducial markers as in stereotactic neurosurgery.
In SRS many small beams from multiple fixed cobalt sources of a multi-headed cobalt unit (Gamma Radiotherapy and Radiosurgery for CD Minniti & Brada Knife -GK) are collimated to produce small spherical high dose volumes ranging from 6 to 18 mm diameter. Larger and/or non-spherical tumours, such as the majority of pituitary adenomas, are treated by a combination of several spheres described as a multiple isocentre technique. Computerized 3D planning determines the number and distribution of isocentres often with selective occlusion of GK collimator apertures. SRS can also be carried out using multiple arcs of rotations of a linear accelerator employing a multiple isocentre technique. The dose distribution is equivalent to that achieved with GK treatment. This somewhat cumbersome technique has been largely superseded by multiple fixed field treatment.
SCRT beams from a linear accelerator are shaped with a mini or micro multileaf collimator (MLC) of 5 mm or 3 mm leaf width, which are automatically positioned to predefined shapes based on information transferred directly from the planning computer. The use of 4 to 6 rather than 3 beams improves the dose differential between the tumour and normal tissue and leads to further normal tissue sparing (4). For average shaped pituitary adenomas there is no clear therapeutic gain using a larger number of fixed beams (4) .
High precision delivery can also be achieved with a small linear accelerator mounted on a robotic arm (Cyberknife) which is coupled with a room mounted X ray system which is able to check patient position and adjust the beam through treatment. The dose distribution and the precision of treatment are equivalent to frame based stereotactic techniques and the treatment is generally given with multiple small beams in 3 to 5 fractions.
SRS is given as a single dose of 18-24 Gy generally with the preparation and treatment carried out in one day. Fractionated conventional and stereotactic (SCRT) radiotherapy are given to a dose of 45-50 Gy in 25-30 daily treatments (fractions) at daily doses ≤ 1.8 Gy per fraction.
Large single doses of radiation as used in SRS are more toxic to normal brain structures than similar doses given in fractionated manner, as used in fractionated RT or SCRT. A well-defined dose-dependent risk of radiation optic neuropathy exists following single doses of irradiation and current practice of SRS therefore aims to avoid irradiating the optic apparatus to single doses beyond 8-10 Gy (5,6). SRS can therefore only be offered to patients with small pituitary adenomas at least 5 mm away from the optic apparatus. By contrast, there is no restriction to the size of pituitary adenoma suitable for fractionated SCRT, since the delivered total doses are within tolerance of normal brain structures, including the optic apparatus. There is no clear difference in biological effectiveness between a single fraction treatment and a comparable fractionated course of RT measured as decline in elevated ACTH and cortisol and as long-term tumour control.
In summary, the precision achieved with stereotactic techniques allows for increased sparing of normal brain receiving high radiation doses. The additional precision of single treatment SRS compared to fractionated SCRT is not quantifiable in clinical terms and the potential benefit of either of the techniques requires robust clinical outcome data.
EFFICACY AND TOXICITY OF IRRADIATION
Conventional radiotherapy
Following conventional fractionated RT of ACTH secreting pituitary adenoma the reported tumour and hormone control at a median follow up of 8 years are 97% and 74% (table 1) (2, (7) (8) (9) (10) (11) (12) . Urinary free cortisol (UFC) is reduced to 50% of pre-treatment value in 6-12 months (10,12) and plasma cortisol in 12 months (12) . Biochemical remission with normalisation of hormone secretion has been reported in 73%, 78% and 84% patients at 3,5 and 10 years (12) . The median time to reaching normal cortisol level was in the region of 24 months (12) . Other reports of patients with Cushing's disease treated with postoperative RT record a remission rate of 83% with the majority reaching normal hormone levels within the first 2 years (10). Similar results have been reported in children with Cushing's disease (11) . Tumour control rate as 5-and 10-year actuarial progression free survival in 40 patients with Cushing's disease treated with postoperative RT was 93%, and 5 and 10 year survival were 97% and 95% (12) . This is similar to the control rate in patients with nonfunctioning pituitary adenomas (1,2,13 ).
RT appears less effective when used as the sole treatment for Cushing's disease and when given to doses less than 40 Gy. This leads not only to lower remission rates but is also associated with a higher risk of biochemical recurrence (7) (8) (9) .
Toxicity of RT as used in the treatment of pituitary adenoma is low. The most frequent late effect is hypopituitarism likely to be primarily due to hypothalamic injury. In patients with normal pituitary function Radiotherapy and Radiosurgery for CD Minniti & Brada before irradiation, hormone replacement is required in 20-40% at 10 years. The reported incidence of radiation optic neuropathy resulting in visual deficit is 0-4% (1,2) and the risk of necrosis of normal brain structures is rare (0-2%) (14) . The most feared late effect of RT for pituitary adenoma is the development of second radiation-induced brain tumour (15) (16) (17) . The frequency is in the region of 2% at 20 years. Although there is an increased incidence of cerebrovascular accidents (CVA) in patients with pituitary adenoma treated with radiation (relative risk of 4), the contribution of radiation to the risk of CVA is not defined (18) (19) (20) . While radiation is blamed for potential cognitive impairment, there is no clear evidence that irradiation of small volumes affects cognitive function beyond the deleterious effect of surgery, the tumour and endocrine abnormalities (21, 22) .
Fractionated stereotactic radiotherapy
The data on the efficacy of fractionated SCRT in patients with Cushing's disease is limited. As the dosefractionation parameters are the same as used in conventional radiotherapy it is unlikely that the rate of decline of elevated hormone level and the tumour control rate will be any different. The 5-year tumour control in patients with all types of pituitary adenoma treated with SCRT is 98% (23) (24) (25) (26) . In a singe report of 12 patients with Cushing's disease hormone control was reported in 9 of 12 patients (24) . While the technical advantages of stereotactic radiotherapy may translate into a meaningful clinical benefit in terms of reducing the potential long-term toxicity of irradiation, this has not yet been demonstrated and will require large cohort of patients and many years of follow-up.
Radiosurgery
The reported tumour control in SRS studies in patients with Cushing's disease was 94% at a corrected median follow-up of 45 months (table 2) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . This compares to the 5-year tumour control rate (progression free survival) in all pituitary adenomas of 91.5% (39) (40) (41) (42) , which is worse than reported following fractionated RT even though the tumours treated are smaller. There is no information to assess the rate of decline of cortisol levels following SRS. Nevertheless the normalization of 24-h UFC or plasma cortisol concentration was reported in 48% of patients and the time to hormonal response ranged from 6 months to 3 years.
Seventeen of 40 patients with Cushing's disease treated by GK SRS (42.5%) were in remission at a mean follow-up of 55 months, with a mean time to hormone normalization of 22 months (37). Jagannathan et al. (38) Following SRS hypopituitarism is reported in 24% of patients at an overall corrected median followup of 45 months. 10% of 90 patients (9 cases) with Cushing's disease developed cranial nerve deficits; 5 had ophthalmoplegia due to 3 rd or 6 th nerve palsies and 4 decrease in visual acuity presumed to represent optic radiation neuropathy (38) . Minniti & Brada 1376 Arq Bras Endocrinol Metab 2007;51/8 On the basis of the published evidence hormone and tumour control following SRS is inferior to that achieved with fractionated irradiation with a significantly higher risk of radiation toxicity. The claim for faster decline of elevated hormone concentrations and lower late toxicity following SRS remain unsubstantiated and based on more extensive experience in patients with acromegaly is unlikely (13) .
Radiotherapy and Radiosurgery for CD
NELSON'S SYNDROME
30-50% of patients with Cushing's disease who undergo bilateral adrenalectomy develop Nelson's syndrome. Pituitary RT employed as a prophylactic measure to reduce the incidence of Nelson's syndrome results in pituitary tumour control of 91% at a corrected median follow-up of 7.8 years (table 3) (7, (46) (47) (48) (49) (50) . In a retrospective study of 56 patients with ACTH-dependent Cushing's syndrome treated by adrenalectomy, 5 out of 20 patients (25%) who received prophylactic radiotherapy and 18 of 36 patients (50%) without RT developed Nelson's syndrome at a median follow-up of 9.1 years (49) . In a smaller cohort of 39 patients the incidence of Nelson's syndrome was 0% in irradiated and 50% in unirradiated patients at a median follow-up of 53 months (50) . Similar results have been reported by others (46) (47) (48) . The only reported complication of prophylactic irradiation is hypopituitarism, which occurs in 20-30% of patients at 5 years.
There is limited information on the efficacy of SRS in patients with Nelson's syndrome (49, 50 Conventional fractionated RT provides an effective prophylaxis for Nelson's syndrome with a pituitary tumour control rate of the order of 90% with a low incidence of late toxicity. The limited information and the short follow-up following stereotactic irradiation do not allow any conclusion about the comparative efficacy SRS.
Recurrent pituitary adenoma
A small proportion of patients with pituitary adenoma progress after radiotherapy. Treatment with further radiation has been considered risky because of presumed cumulative damaging effect of radiation of normal brain, particularly optic chiasm and nerves. Reported evidence from conventional fractionated treatment suggests that late recurrences (after 5 years or more) following conventional doses of 45 Gy in 25 fractions can be relatively safely reirradiated to more or less the same dose with acceptable efficacy and small risk of radiation optic neuropathy (51, 52) .
Stereotactic techniques can further reduce the dose to the optic apparatus providing it is not in close proximity to the tumour. We have used SCRT in 10 patients with recurrent ACTH-secreting pituitary adenoma tumours after previous irradiation so far without late effects (unpublished) although longterm outcome data are not yet available. SRS has been employed in previously irradiated patients with recurrent Cushing's disease. The available data does not provide sufficient information on the efficacy of reirradiation with SRS or SCRT although retreatment with SRS is associated with considerable risk of cranial nerve deficit.
CONCLUSION
Radiotherapy remains an effective treatment in patients with Cushing's disease not cured by surgery. It achieves excellent long-term tumour control and normalisation of elevated hormone levels. Hypopituitarism represents the most commonly reported late complication of radiotherapy with low incidence of other late effects.
There is much debate about the relative efficacy of modern fractionated stereotactic radiotherapy (SCRT) and radiosurgery (SRS) in relation to conventional radiotherapy. There is currently no evidence of faster normalization of cortisol levels following single treatment compared to fractionated irradiation. The reported results suggest that SRS achieves worse hormone control than fractionated treatment with no evidence of faster rate of decline of elevated hormone levels compared to fractionated irradiation; yet it is associated with increased morbidity.
Treating less normal brain to higher radiation doses is a clear technical improvement of modern fractionated radiotherapy which may in the future translate into clinical benefit in terms of reduction of late effects of radiation. However, the relatively short follow-up does not provide sufficient information on the long-term efficacy and the potential reduction in the risk of late radiation induced toxicity.
New techniques of treatment require considerable infrastructure and quality control and wide ranging expertise in all clinical and technical aspects of pituitary adenoma management. The potential pitfall of relying on new technologies is demonstrated by the introduction of stereotactic irradiation (SRS) into the management of patients with pituitary adenoma. The widespread use of appealing new technology on the basis of belief alone has not only been of no clear benefit to patients with Cushing's disease but discarding tried and tested older treatment techniques may have resulted in worse outcome.
